During development, stem cell populations rapidly proliferate to populate the expanding tissues and organs. During this phase, nutrient status, through systemically affecting insulin/IGF-1 signalling, largely dictates stem cell proliferation rates. In adults however, differentiated stem cell progeny requirements are generally reduced and vary according to the spatio-temporal needs of each tissue. We demonstrate here that differential regulation of germline stem cell proliferation rates in C. elegans adults is accomplished through localized neutralization of insulin/IGF-1 signalling, requiring daf-18/PTEN, but not daf-16/FOXO. Indeed, the specific accumulation of oocytes, the terminally-differentiated stem cell progeny, triggers a feedback signal that locally antagonizes insulin/IGF-1 signalling outputs in the germ line, regardless of their systemic levels, to block germline stem cell proliferation. Thus, during adulthood, stem cells can differentially respond within tissues to otherwise equal insulin/IGF-1 signalling inputs, according to the needs for production of their immediate terminally-differentiated progeny.
Introduction
A variety of adult stem cells exist in multicellular organisms to fulfil the specific homeostatic needs of each tissue. Some tissues, such as the gastro-intestinal epithelium, have a rapid cellular turnover rate and, accordingly, their stem cells self-renew and differentiate more frequently than those of tissues that turnover more slowly, such as the bone (Tomasetti and Vogelstein, 2015) . The requirements of differentiated stem cell progeny may also vary spatiotemporally within tissues, for example following a localized injury. We aimed to understand how adult stem cell activity is locally regulated when information about nutrient status, which largely influences stem cell proliferation rates across all tissues (Narbonne and Roy, 2006a; Shim et al., 2013) , is regulated at a systemic level (Murphy and Hu, 2013; Murphy et al., 2007) .
Stem cell activities (self-renewal and differentiation) are controlled by a variety of intrinsic and extrinsic factors. To maintain their self-renewal capacities, all stem cells require signalling from neighbouring niche cells, which act to prevent differentiation. If stem cells move outside of the niche signal range, or if niche signalling is impaired, the stem cells switch to their default fate and differentiate (Morrison and Kimble, 2006) . Thus, niche signalling primarily governs stem cell fate, and as a consequence, the size of the niche and the nature and extent of niche signalling have a large influence on the size of stem cell populations. Stem cells are also affected by growth factors that impinge on their proliferation rates, largely independently of niche signalling. Nutrient intake, as well as systemic insulin/IGF-1 signalling (IIS) levels, dictate germline stem cell (GSC) proliferation rates in C. elegans and Drosophila (LaFever and Drummond-Barbosa, 2005; Narbonne and Roy, 2006a; Shim et al., 2013) . In C. elegans, if nutrients are depleted from the environment and/or if IIS is down-regulated, GSCs dramatically reduce their proliferation rates and can enter a quiescent state (Angelo and Van Gilst, 2009; Michaelson et al., 2010; Narbonne and Roy, 2006b ). Conversely, if IIS can not be downregulated when nutrients are depleted, such as in the absence of daf-18/PTEN (phosphatase and tensin homolog), a phosphatidylinositol 3-phosphate phosphatase that counteracts the activity of PI3K (phosphatidylinositol 3-phosphate kinase) downstream of the insulin/IGF-1 receptor, GSC quiescence is not properly induced or maintained (Fukuyama et al., 2006; Narbonne and Roy, 2006b; Ogg and Ruvkun, 1998) . Thus, niche signalling governs stem cell fate (self-renewal or differentiation) and regulates pool size, while growth factors, largely in parallel, dictate the rate at which stem cells will proliferate.
Stem cell activities further tend to decline during aging (López-Otín et al., 2013) . In adult mice for example, muscle stem cells (also known as satellite cells) are quiescent and become harder to reactivate following injury due to an age-dependent change in blood-borne factors (Conboy et al., 2005) . These cells also intrinsically acquire changes during aging, which lead to irreversible senescence in very old (geriatric) mice (Sousa-Victor et al., 2014) . Stem cell population sizes also decline during aging (López-Otín et al., 2013) , and a recent study (Qin and Hubbard, 2015) provided evidence that the size of the GSC population in aging C. elegans adults is non-autonomously controlled by IIS in the proximal somatic gonad, in a manner dependent on daf-16, the C. elegans FOXO ortholog (Lee et al., 2001; Lin et al., 2001) . The kinetics of GSC population decline, as well as the mechanisms that regulate stem cell proliferation rates during aging, however remain unclear.
The germ line of an adult C. elegans hermaphrodite consists of two gonad arms, each with ~200 GSCs at its distal tip (Fig. S1A) . At each tip resides a niche that consists of a single cell, the Distal Tip Cell (DTC), which locally prevents GSC differentiation through a Notch signal (Austin and Kimble, 1987) . As GSCs proliferate, some consequently move away from the DTC, and the Notch signal they receive thus presumably progressively declines, eventually reaching a threshold that allows meiotic differentiation (Fox and Schedl, 2015; Hansen and Schedl, 2013) . In this manuscript, the term "GSCs" refers to the more or less homogeneous pool of undifferentiated germ cells (Fox and Schedl, 2015; Gerhold et al., 2015) . During the differentiation process, germ cells sequentially progress through meiotic entry, pachytene, diplotene and diakinesis stages, thus progressively transforming into oocytes (Zetka, 2009 ). As such, the adult C. elegans germ line can be viewed as a biological assembly line, with stem cells as the raw material that is turned, in a stepwise manner, into mature oocytes. Under replete growth conditions, hermaphrodite larvae first produce about 300 sperm cells, before switching to exclusive production of oocytes that is maintained during adulthood. The first ~300 oocytes produced are thus self-fertilized, after which oocyte maturation is inhibited and unfertilized oocytes begin to accumulate in the proximal gonad. An aged sperm-depleted hermaphrodite will however reinitiate oocyte maturation after mating with a male (Kimble and Ward, 1988) . The stimulation of oocyte maturation by the presence of sperm is mediated by sperm-secreted major sperm proteins (MSPs) which, through cAMP signalling in the sheath cells of the proximal somatic gonad, induce the final maturation of the proximal oocyte (Govindan et al., 2009; Miller et al., 2001) . Interestingly, adult hermaphrodites carrying a mutation that feminizes the germ line (fog-1), and thus prevents sperm formation, were reported to have lower rates of stem cell proliferation, and this phenotype was reversed when the animals were provided with sperm (Morgan et al., 2010) . How GSC proliferation rates may be adjusted in response to sperm availability in aging adults is not known.
Here we used the GSCs of the nematode C. elegans to better understand the physiological mechanisms that underlie the observed decline in adult stem cell activity in aging individuals, to uncover how differential stem cell regulation may be achieved. We found that the proliferative activity of these adult stem cells declines according to two parameters: the needs for differentiated GSC progeny and a separate mechanism that likely results from the detrimental effects of aging. We found that self-sperm depletion in adult hermaphrodites triggers a feedback mechanism that requires daf-18/PTEN activity to suppress GSC. We show that downstream of self-sperm depletion, an arrest in oocyte maturation and/or the resulting accumulation of oocytes, leads to the inhibition of GSC proliferation in a gonad arm-autonomous manner. We also show that canonical IIS levels influence the rates of GSC proliferation in C. elegans adults: if IIS is systemically inhibited, GSCs proliferate slower, whereas if it is activated, GSCs proliferate more rapidly. We further show that canonical IIS needs to be down-regulated in the germ line in order for the GSCs to slow down their proliferation rates when food is available. Thus, we conclude that daf-18/PTEN can locally antagonize IIS to arrest oocyte maturation and block GSC proliferation specifically in one sperm-depleted gonad arm.
Results

GSC proliferation and differentiation activities decline with age
To assess how GSC activities are affected during aging, we first evaluated the level of GSC proliferation in unmated aging adult hermaphrodites. GSC proliferation rates can be evaluated based on their mitotic index (MI), which is obtained by dividing the number of Mphase GSCs by the total number of GSCs (Crittenden et al., 2006) . This can be used because variation in M-phase duration is largely due to spindle assembly checkpoint activity and not age or growth condition as is the case for interphase duration, and thus cells that divide frequently are more often in M-phase and have a high MI (Gerhold et al., 2015; Morris et al., 1990) . We used a nuclear marker (DAPI), an M-phase marker (anti-phospho-H3ser10 antibody) (Hendzel et al., 1997) and a differentiation marker (anti-HIM-3 antibody) (Zetka, 2009) , to label all germ cells, M-phase GSCs and their differentiated progeny, respectively (Fig. 1A-D) . In unmated hermaphrodites, the GSC MI, and thereby their proliferative activity, was maximal during larval stages, then steadily declined during the first 3 days of adulthood reaching a steady-state basal level from adult day 4 (A4). This basal level was thereafter seemingly maintained at least until A10 (Fig. 1A,C,E) . A10 corresponds to 83% of C. elegans' life expectancy at 25°C, and is well beyond reproductive cessation in unmated and mated animals (data not shown). GSC pool size peaked at A2, with ~180 GSCs/gonad arm, then decreased to about 100 GSCs by A6, and essentially remained stable thereafter (Fig. 1E) , consistent with published data (Qin and Hubbard, 2015) . The number of M-phase GSCs per niche was highest during the fourth larval stage (L4) and A1 (Fig. 1E) . We conclude that GSC proliferative activity is highest during larval stages and steadily declines in unmated adult hermaphrodites, until it reaches a minimal level after 4 days spent in adulthood.
We wondered whether the GSC proliferative activity declined at the expense of increased differentiation. To test this, we induced differentiation in A1 or A4 equivalent animals (see Materials and Methods), using a conditional loss-of-function allele in the Notch receptor (glp-1). We found that inactivation of glp-1 at A1 caused the differentiation of 100% GSCs in every observed germ line. However, inactivating glp-1 at A4 resulted in 65.5% of animals having GSCs that remained undifferentiated ( Fig. 1F-H) . Thus, GSC proliferation does not decline at the expense of increased differentiation, and instead, both activities decline during adulthood in unmated hermaphrodites.
Sperm depletion promotes GSC quiescence
The decline in stem cell activities that we measured could result either from the deleterious effects of aging (senescence), and/or from the promotion of quiescence. Quiescence is distinguished from senescence by the reversible nature of the cell cycle arrest or deceleration. Biomarkers of aging consist of measurable activities that decay with age, while the kinetics of their decay reflects the decline in the population's survival (Fig. S2) (Johnson, 2006; Pickett et al., 2013) . We compared the decline in GSC proliferation to the decline in survival of these animals. In unmated hermaphrodites, this revealed a bi-phasic decline curve of the GSC MI, with a rapid early decline, followed by stabilization. Interestingly, this curve did not obviously parallel the animals' survival decline (Fig. 1J ). This suggests that aging is not fully responsible for the GSC proliferative decline and that GSCs enter a nearly quiescent, slow-cycling, state from A4 in unmated hermaphrodites.
Since the final decrease in GSC proliferative activity follows sperm depletion and the cessation of egg laying in unmated hermaphrodites (Byerly et al., 1976) (also see Fig. 2B ), we hypothesized that sperm depletion promotes GSC quiescence. In this scenario, providing sperm to otherwise sperm-depleted hermaphrodites should increase their GSC MI. We therefore continually mated hermaphrodites with males to maintain sperm availability and asked whether this would delay the GSC MI decline. We found that the GSC MI in continually mated A4 and A5 animals, following self-sperm depletion, remained significantly higher than in unmated animals (Fig. 1B,D-E) . Likewise, we found that the GSC MI is drastically reduced already at A1 in fog-2 mutant hermaphrodites that cannot produce sperm, an effect that is completely reversed if these animals are mated (Fig. 1I) . Together with previous observations in fog-1 mutants (Morgan et al., 2010) , these results indicate that sperm depletion inhibits GSC proliferation in adult hermaphrodites. We thus asked if the decline in GSC differentiation we observed in older (A4) unmated, animals ( Fig. 1F-H) could result from the fact that they were sperm-depleted. Consistent with this, we found that GSCs differentiated less efficiently in A1 unmated fog-2 mutants than in their mated counterparts (Fig. S3) . Thus, we conclude that sperm depletion promotes GSC quiescence, blocking both GSC proliferation and differentiation.
To verify that GSCs enter a state analogous to reversible quiescence in older, spermdepleted hermaphrodites, we mated A4 hermaphrodites with males for an additional day to resupply them with sperm and thereafter measured their GSC MI. The GSC MI significantly increased in A5 animals that had been resupplied with sperm (Fig. 1K) . We conclude that sperm depletion in adult hermaphrodites triggers a signal that promotes reversible GSC quiescence, regardless of the animal's age.
Of note, the GSC MI still declined with age in continually mated hermaphrodites (Fig.  1E) . The GSC MI decline however roughly paralleled the survival decline under these conditions (Fig. 1J) , which is compatible with the notion that it is a consequence of aging (thus related to senescence), and that the GSC MI may be an aging biomarker in mated hermaphrodites. Altogether, we conclude that the decline in GSC activities in aging C. elegans adults is underlined by two mechanisms: a sperm depletion-sensing feedback that promotes reversible quiescence, combined with a sperm-independent mechanism that is potentially linked to aging.
Oocyte accumulation promotes GSC quiescence
In animals lacking sperm (either by natural depletion or in fog mutants), oocyte maturation is inhibited and unfertilized oocytes accumulate in each proximal gonad arm (Govindan et al., 2009; Lee et al., 2007; Miller et al., 2001 ). This raised the possibility that the accumulation of oocytes in the proximal gonad, as opposed to the lack of sperm, promotes GSC quiescence. To test this, we first asked whether oocyte fertilization is required to sustain high GSC proliferation rates. We found that the GSC MI was normal in spe-42 mutant hermaphrodites ( Fig. 2A) , which produce fertilization defective sperm (Kroft et al., 2005) , indicating that oocyte fertilization per se is not required to sustain elevated adult GSC proliferation rates.
Sperm, even in spe-42 mutants, secrete MSPs that are sensed by the proximal sheath cells of the somatic gonad and promote oocyte maturation and ovulation (Miller et al., 2001) . To test if MSP signalling is required to sustain high GSC proliferation rates, we evaluated the GSC MI in mutants with constitutive (goa-1) or defective (acy-4) MSP signalling. goa-1 encodes a Gα subunit and mutants have constitutive MSP signalling and oocyte maturation (Govindan et al., 2006) . Indeed, these animals did not retain oocytes after sperm depletion (Fig. 2B) . We found that the GSC MI was normal in A1 goa-1 mutants, but remained significantly elevated after sperm depletion in A4 animals, with levels similar to wild-type animals that have unlimited sperm due to mating ( Fig. 2A,C) . Similarly, the GSC MI was elevated in A1 sperm-less fog-1 goa-1 double mutants ( Fig. 2A) . acy-4 encodes an adenylyl cyclase and mutants cannot relay MSP signalling, such that oocyte maturation and ovulation arrest, even in the presence of sperm (Govindan et al., 2009) . We found that the GSC MI was low in A1 acy-4 mutants, with levels comparable to those of sperm-less fog mutants ( Fig. 2A ). Consistent with a previous analysis that placed acy-4 downstream of goa-1 in MSP signalling (Govindan et al., 2009), acy-4(lf) completely suppressed the elevated GSC MI phenotype of goa-1(lf) ( Fig. 2A) . These results indicate that GSC proliferation rates do not directly respond to the presence of sperm, but rather to an activity that depends on MSP signalling.
MSP signalling promotes oocyte maturation by positively regulating the activity of the redundant zinc finger proteins OMA-1 and OMA-2 (Detwiler et al., 2001) . To determine if oocyte maturation, downstream of MSP signals, is required to sustain high adult GSC proliferation rates, we measured the GSC MI in oma-1; oma-2 double mutants. The GSC MI of these animals was low at A1, as in sperm-less fog mutants ( Fig. 2A) . We conclude that an arrest in oocyte maturation promotes GSC quiescence.
We noted that in every case where oocyte maturation was inhibited and GSC quiescence was promoted, there was a striking accumulation of seemingly compressed, unfertilized oocytes in the proximal gonad (Figs. 2D, S1B) (Govindan et al., 2009; Lee et al., 2007; Miller et al., 2001) . We therefore asked whether the presence of oocytes was necessary to induce GSC quiescence by assessing the GSC MI in animals that accumulated other germ cell types. We first measured the GSC MI in fem-3(gain-of-function, gf) mutant hermaphrodites that accumulate sperm (Barton et al., 1987) . The GSC MI remained elevated in fem-3(gf) hermaphrodites even after sperm had dramatically accumulated (Fig. 3A,B) . Furthermore, measuring the GSC MI in males, which only produce sperm, revealed that GSC proliferation rates remained elevated relatively longer than in unmated hermaphrodites, as in continually-mated hermaphrodites (Fig. 3B, C) . Thus, quiescence may not be promoted in the GSCs of males. Finally, a MAPK (Mitogen-Activated Protein Kinase, also known as ERK, called mpk-1 in C. elegans) weak reduction-of-function allele that dramatically inhibits pachytene progression (no oocytes are made in the majority of animals), allowed us to evaluate GSC proliferation rates when there is an accumulation of mid-pachytene stage germ cells (Lackner and Kim, 1998; Lee et al., 2007) . We found that the GSC MI in these mutants did not rapidly decrease by A1 (such as in sperm-less fog mutants that accumulate oocytes) and remained indistinguishable from that of wild-type hermaphrodites, at least until A2 (Fig. 3D) . Thus, an accumulation of sperm or pachytenearrested germ cells does not promote GSC quiescence. We conclude that a block in oocyte maturation and/or the resulting accumulation of oocytes, the terminally-differentiated progeny of the stem cells, specifically feeds back to promote GSC quiescence.
Oocyte accumulation promotes GSC quiescence beyond the niche
In C. elegans mutants with hyperactive Notch signalling, GSCs can remain in the self-renewal state even when they move outside of the niche, and proliferate until they overtake the entire germ line (Figs. 4A-B, S1C) (Berry et al., 1997) . These cells have thus been thought of as analogous to those in the early stages of a benign tumour in vertebrates (Pinkston et al., 2006) . To gain insight into the type of signalling that is involved in feedback GSC regulation, we asked if oocyte accumulation could suppress the ectopic growth of tumorous germ cells and induce quiescence outside of the niche area. We tested this by assessing tumour growth, hence GSC proliferative activity, in fog-1 mutants bearing a conditional gf allele in the Notch receptor (Pepper et al., 2003) . When these double mutant animals were grown under restrictive conditions from the first larval stage (L1), most developed a clearly visible germline tumour by A3-4, similar to glp-1(gf) single mutants ( Fig. 4A-C) . To test if the presence of oocytes blocks tumour formation, we allowed these sperm-less fog-1; glp-1(gf) double mutants to grow under permissive conditions until gametogenesis had begun (L4 stage) and then shifted them to restrictive conditions. This allowed the production of oocytes and their accumulation in the proximal arm (due to the lack of sperm). Under these conditions, the vast majority of double mutant animals did not develop germline tumours (Fig. 4E) . Similar results were obtained using fog-2 mutants (Fig. S4 ). This is in contrast to glp-1(gf) single mutants grown under a similar regime, which produced a few eggs and developed a germline tumour by A3-4 ( Fig 4D) . Activating MSP signalling and preventing oocyte accumulation by mutating goa-1 in these glp-1(gf); fog-1 mutants caused a reversion to the tumorous phenotype ( Fig. 4F) , suggesting that the presence of arrested oocytes is needed to block GSC proliferation in these animals. Together, these results indicate that the feedback signal generated when oocytes accumulate is not restricted to the distal tip and can block the growth of tumorous germ cells beyond the niche.
Germline IIS levels control adult GSC proliferation rates
Previous work has shown that the induction of GSC quiescence during the juvenile diapause-like dauer stage can be triggered by a down-regulation of IIS (Narbonne and Roy, 2006b; Narbonne et al., 2010) . Moreover, a reduction-of-function in daf-2, encoding the sole C. elegans insulin/IGF-1 receptor homolog (Kimura et al., 1997) , suppresses GSC proliferation during larval development (Michaelson et al., 2010) , protects against germline tumour growth during adulthood (Pinkston et al., 2006) , and thus phenocopies oocyte accumulation (Fig. 4D -E,G). We therefore tested whether IIS was affected downstream of sperm depletion, to promote GSC quiescence. Previous analyses failed to observe an IIS requirement for adult GSC proliferation rates using the widely-used temperature-sensitive daf-2(e1370) allele at a semipermissive temperature of 20°C (Michaelson et al., 2010; Pinkston et al., 2006) . Likewise, we found no significant effect of the daf-2(e1370) mutation on the GSC MI of adult animals at 20°C (Fig. 5A) . We found that a stronger daf-2 inactivation, using either the e1370 or e979 alleles at the fully-restrictive temperature of 25°C, significantly lowered the adult GSC MI (Fig. 5B-D) . Similarly, unmated and mated daf-2; fog-2 double mutants both had a reduced GSC MI (Fig.  5C ). We conclude that DAF-2, the insulin/IGF-1 receptor, is required to sustain elevated GSC proliferation rates in adult hermaphrodites.
We next asked if daf-18/PTEN was required downstream of daf-2 to promote GSC quiescence in response to sperm depletion. We first verified whether the inhibition of adult GSC proliferation and the suppression of glp-1(gf)-induced germline tumours by daf-2 downregulation were dependent on daf-18. Indeed, double daf-2; daf-18 mutants had a normal MI (Fig. 5C ), while triple daf-2 glp-1(gf); daf-18 mutants rapidly developed germline tumours, similar to glp-1(gf) single mutants (Fig. 4G,H) . Thus, daf-2 inactivation requires daf-18 to promote GSC quiescence. We next asked if sperm depletion similarly required daf-18 to promote GSC quiescence. We found that mutating daf-18 in fog-1; glp-1(gf) animals reverted the germline tumour suppression (Fig. 4I) . Furthermore, the GSC MI was not down-regulated in A1 sperm-less fog-1; daf-18 double mutants, and remained elevated in A4 sperm-depleted daf-18 single mutants, such that animals that lacked daf-18 were indistinguishable from continually mated hermaphrodites (Fig. 5E-F) . Sperm depletion therefore requires daf-18 to promote GSC quiescence. Consistent with sperm depletion acting sequentially with daf-18, continually mating daf-18 mutants did not further influence GSC proliferative activity (Fig. 5F ). We noticed that oocytes significantly accumulated in A1 sperm-less fog-1; daf-18 double mutants, but not to the level of fog-1 single mutants (Fig. 2D) , while A4 sperm-depleted daf-18 single mutants were defective in oocyte retention, similar to goa-1 mutants (Fig. 2B) . Thus, daf-18 mutants closely resemble goa-1 mutants, which have constitutive MSP signalling. We conclude that sperm depletion blocks MSP signalling, which then requires daf-18/PTEN to fully arrest oocyte maturation/ovulation and promote GSC quiescence.
We then wondered if daf-16/FOXO was required to promote GSC quiescence in response to IIS receptor inactivation and sperm depletion. Like daf-18, we found that daf-16 was required for daf-2 inactivation to inhibit adult GSC proliferation (Fig. 5C ). Surprisingly however, unlike in daf-18 mutants, the GSC MI in daf-16 null mutants normally decreased by A4, following sperm depletion (Fig. 5F ). Moreover, the GSC MI was low in A1 sperm-less daf-16; fog-2 double mutants, as in fog-2 single mutants (Fig. 5G) . Consistent with this, oocytes accumulated normally in the proximal gonad of daf-16; fog-2 mutants (Qin and Hubbard, 2015) , indicating that daf-16 is not required for oocyte accumulation, unlike daf-18. We conclude that upon sperm depletion, daf-18/PTEN is required to promote oocyte accumulation and GSC quiescence, independently of daf-16/FOXO.
IIS could act cell-autonomously in the germ line to sustain elevated GSC proliferation rates. Consistent with this, it was previously shown that germline-specific inhibition of daf-2 is sufficient to inhibit GSC proliferation, requiring germline daf-16 (Michaelson et al., 2010) . Somatic daf-2 inactivation however non-autonomously affects many processes (Apfeld and Kenyon, 1998) and could thus also potentially influence GSC proliferation rates. We therefore asked whether soma-specific daf-2 inhibition could block GSC proliferation. Germline-specific daf-2 expression however restored a high GSC MI in daf-2 mutants (Fig. 5C ), indicating that soma-specific daf-2 inactivation is not sufficient to block GSC proliferation, at least in well-fed animals. Therefore, when animals are maintained on food, canonical IIS is activated in the germ line, and this is both necessary and sufficient to promote elevated GSC proliferation rates. We conclude that germline IIS needs to be antagonized by other signals downstream of sperm depletion, requiring daf-18/PTEN, but not daf-16/FOXO, in order to promote GSC quiescence in well-fed animals.
Oocyte accumulation promotes GSC quiescence independently in each gonad arm
The feedback signal linking sperm availability to oocyte maturation was shown to affect each gonad arm independently (Govindan et al., 2009) . IIS, however, tends to be systemically aligned throughout tissues due to the secreted and diffusible nature of its ligands, as well as signalling between tissues (Murphy and Hu, 2013; Murphy et al., 2007) . We therefore wondered whether the daf-18/PTEN-dependent feedback regulation of GSC proliferative activity acts independently in each gonad arm. To test this, we micro-injected an oil diaphragm specifically into the anterior or posterior spermatheca and/or uterus of young adult fog-1; glp-1(gf) mutants that had been grown under permissive conditions, so as to allow oocyte accumulation and the induction of GSC quiescence (as in Fig. 4E) . These animals were then shifted to restrictive conditions and allowed to mate for 3 hours with males. The oil diaphragm acted as contraception and blocked male sperm from accessing the accumulated oocytes in the injected arm, allowing sperm to activate and fertilize oocytes in the untreated arm of the animal (Fig. S1D) . We found that preventing sperm access (either in the anterior or posterior arm) with an oil diaphragm specifically protected this gonad arm from developing a tumour (Fig. 6A-C, F) . Oil diaphragm injection required oocytes to inhibit GSC proliferation because it did not block the growth of germline tumours in gld-2 gld-1 double mutants (Fig. 6D-F) , which do not generate any gametes (Kadyk and Kimble, 1998) . Interestingly, in all cases, the proximal-most oocytes in the oilinjected arm underwent activation, likely owing to the diffusion of sperm-secreted MSPs around the oil diaphragm and into the proximal gonad (Govindan et al., 2009; Miller et al., 2001 ). However, because sperm remained blocked in the uterus, these activated oocytes became endomitotic (Iwasaki et al., 1996) (Fig. 6B,C) . This indicates that oil injection per se did not compromise oocyte function. Also, in every case where the induction of GSC quiescence was maintained, a few of the distal-most oocytes remained arrested (Fig. 5B'-C' ). This result suggests that the trigger for promoting GSC quiescence may not directly be related to the actual number of arrested oocytes. Since oocyte accumulation in one gonad arm promotes GSC quiescence specifically in that arm, we conclude that when oocytes accumulate, IIS is antagonized in a gonad arm-specific manner.
To verify that oocyte accumulation does not affect IIS across animals, we monitored the sub-cellular localization of GFP::DAF-16 in fog-2 mutants, as a readout of systemic IIS. In wellfed control A1 animals, GFP::DAF-16 was predominantly cytoplasmic owing to a systemic activation of IIS (Fig. 6G) (Lee et al., 2001; Lin et al., 2001) . GFP::DAF-16 remained predominantly cytoplasmic following oocyte accumulation in well-fed fog-2 mutants, supporting the notion that IIS is not systemically inhibited in these animals (Fig. 6G) . As expected, a 3-hour starvation period rapidly triggered systemic GFP::DAF-16 nuclear translocation in fog-2 mutants, indicating that systemic DAF-16 activation is not impaired in these mutants (Fig. 6G) . It was also reported that germline feminization does not extend C. elegans life span (ArantesOliveira, 2002), which would have been expected if oocyte accumulation caused a systemic down-regulation of IIS. Therefore, we conclude that when oocytes accumulate following spermdepletion, IIS is locally antagonized to promote GSC quiescence specifically in the affected gonad arm, and it is not otherwise perturbed in the rest of the animal.
Discussion
Our time-course analyses of GSC proliferation decline in aging C. elegans adults highlighted two underlying mechanisms: a passive decline that is likely linked to aging, and a feedback process that can promote quiescence. By experimentally separating these two phenomena, we discovered that it is an accumulation of oocytes, a terminally-differentiated progeny of the GSCs, which triggers a signal that promotes GSC quiescence. We found that each gonad arm independently responds to this signal, and that it affects GSCs beyond the niche area, likely throughout the affected gonad arm. Finally, we demonstrated that sperm depletion requires daf-18/PTEN, but not daf-16/FOXO, to antagonize germline-intrinsic canonical IIS to promote GSC quiescence. Together, these results support a model in which canonical IIS levels are systemically set by nutrient intake and dictate the maximal GSC proliferation rate at a given age. Maintenance of the maximal GSC proliferation rate in adults however requires the continuous stimulation of oocyte maturation by sperm-secreted MSPs, such that when oocyte maturation is arrested and oocytes accumulate in the proximal gonad, systemic IIS information is locally antagonized in such gonad arm to promote GSC quiescence (Fig. 7) . Thus, in multicellular organisms, nutritional systemic information that would otherwise equally influence every cell can be locally overridden by other factors to promote stem cell quiescence when proliferation and differentiation is temporarily not needed.
Control of GSC proliferation rates by germline IIS neutralization
We found that canonical IIS needs to be blocked within the germ line, requiring daf-18/PTEN and daf-16/FOXO activity, in order for the GSCs to slow down their division rate and approach quiescence when sperm is available and nutrient uptake is optimal. daf-16/FOXO was however dispensable for oocyte accumulation and the promotion of GSC quiescence in sperm-depleted animals. The establishment of GSC quiescence during dauer development similarly requires daf-18 and daf-16 if dauer formation is induced by IIS down-regulation, but only daf-18 if it is induced by another (TGF-β) signalling pathway (Narbonne and Roy, 2006b). Interestingly, the TGF-β pathway has been recently implicated in the regulation of reproductive aging (Luo et al., 2010) and GSC proliferation (Dalfó et al., 2012) in C. elegans. Whether oocyte accumulation somehow impinges on TGF-β signalling to locally antagonize IIS to promote GSC quiescence is thus an interesting possibility that will require further investigation.
Nutrient uptake systemically regulates IIS levels, and thereby impinges on stem cell proliferation rates in most multicellular organisms (LaFever and Drummond-Barbosa, 2005; Shim et al., 2013) . However, stem cell populations do not always proliferate at an equal rate within an individual. Indeed, at a given moment, stem cell proliferation rates can differ across different tissues (Tomasetti and Vogelstein, 2015) , or even within parts of the same tissue (this study). We found that the differential negative feedback regulation of two GSC populations within the germ line of well-nourished C. elegans animals happens through localized neutralization of an output (stimulation of GSC proliferation) from the otherwise systemicallycontrolled IIS (Fig. 7) . This concept may underlie many other feedback-regulated stem cell systems. Elucidating how such local regulation of systemic signal outputs is accomplished could contribute to the development of targeted, tissue-specific treatments for metabolic and proliferative diseases, including cancer.
Control of adult stem cell pool size vs proliferation rate
It was recently reported that the GSC pool size is regulated cell non-autonomously in aging C. elegans adults by daf-16 activity in the proximal somatic gonad (Qin and Hubbard, 2015) . In the present study, we did not focus our attention to the GSC pool size (which reports on a combination of prior expansion, on-going proliferation and exit from the pool due to differentiation) but rather on the GSC MI, which is an indication of the level of GSC proliferative activity. Despite multiple differences in experimental design, including the temperature, both studies find that the GSC pool size declines in aging hermaphrodites. Our results however add the notion that the GSC proliferative activity is not necessarily related to the pool size. Indeed, the time during which the GSCs are the most mitotically-active (L3) corresponds to a time when the pool size is relatively small. Conversely, the time when the GSC pool size is maximal (A2) does not correspond to a peak in the MI. Thus, the GSC pool size and GSC proliferation rates are two distinct parameters that are regulated independently. The GSC pool size in aging C. elegans adults is influenced by daf-16-dependent factors in the proximal somatic gonad (Qin and Hubbard, 2015) , potentially through affecting the size of the niche cell (DTC) and/or the extent of niche signalling. While IIS levels are systemically set by nutrient uptake, our work indicates that its final germline-intrinsic outputs that control GSC proliferation rates can be antagonized by oocyte needs locally in each gonad arm.
Is oocyte accumulation the trigger for GSC quiescence?
None of the mutant backgrounds that we analyzed allowed a significant uncoupling between oocyte maturation, oocyte accumulation and GSC proliferation. That is, either oocyte maturation was inhibited, in which case oocytes accumulated in the proximal gonad and GSCs approached quiescence, or oocyte maturation proceeded normally, in which case oocytes did not accumulate and GSC proliferation was elevated. Therefore, it is currently unclear whether it is the arrest in oocyte maturation or the resulting accumulation of oocytes that feeds back to promote GSC quiescence. The coupling between oocyte accumulation and GSC proliferation may result from the requirement in daf-18/PTEN activity for both oocyte and, directly or indirectly, GSC quiescence (Fig. 7) . Indeed, we found that oocytes spontaneously activate and are ovulated in sperm-depleted daf-18 null mutants, much like in goa-1 mutants with hyperactive MSP signalling. In this view, the C. elegans germ line would behave as an assembly unit, with IIS being the ON/OFF switch that simultaneously acts at the levels of GSC proliferation, differentiation, meiotic progression (Lopez III et al., 2013) and oocyte maturation, to promote mature oocyte production at a fast-pace. However, oocytes keep maturing and accumulate for some time in the absence of sperm, or after sperm is depleted, indicating that the two events can be timely uncoupled, at least for a moment. Consistent with this, pachytene progression is inhibited in sperm-less animals, but only after oocytes have accumulated (Lopez III et al., 2013; Miller et al., 2001 ). This suggests a chain of interdependent retrograde events in which an arrest in oocyte maturation first causes oocytes to accumulate, which then promotes GSC quiescence (and pachytene arrest), such that the assembly line stops producing more oocytes.
Alternatively, the absence of MSP signalling in the proximal somatic gonad could progressively block GSC proliferation independently of the arrest in oocyte maturation and accumulation. However, three pieces of evidence argue against this notion. First, neither of gld-1 single mutants, gld-2 gld-1 double mutants, or L1-upshifted fog-1; glp-1(gf) double mutants produce sperm (and MSP) or oocytes, while they all rapidly develop germline tumours. This indicates that they can maintain high GSC proliferation rates despite an absence of MSP signalling and further suggests that the presence of oocytes is required to generate an antiproliferative signal when sperm is lacking. Second, in our oil diaphragm contraception experiment, we observed oocyte maturation in the injected arm, as evidenced by the endomitotic phenotype of proximal-most oocytes, indicating that MSP signalling was activated. Yet, the reactivation of MSP signalling and of oocyte maturation (at least in the proximal-most oocytes) was not accompanied by an increase in GSC proliferative activity and instead we observed that GSC quiescence was maintained. Third, oma-1; oma-2 double mutants have normal sperm and somatic MSP signalling, but accumulate oocytes and have a low GSC proliferative activity. Together, the evidence strongly suggests that MSP signalling is not sufficient to support elevated GSC proliferation activity, and that oocyte accumulation acts as the trigger for GSC quiescence.
Feedback regulation of stem cell activity has recently been observed in other circumstances (Hsu et al., 2014; Jiang et al., 2011; Mondal et al., 2011) , and thus may represent a conserved feature of many stem cell systems. Whether localized IIS output neutralization is equally conserved as the mechanism enabling such regulation remains to be determined. Our results also support the notion that only the accumulation of a specific terminally-differentiated stem cell progeny, in this case oocytes, can efficiently exert a negative influence on stem cell proliferative activity. This suggests that a failure of stem cell progeny to fully or properly differentiate could perhaps underlie the aetiology of some hyper-proliferative diseases that are characterized by poor cellular differentiation, including psoriasis and certain types of cancer. In this view, the development of therapeutic regimes aimed at enhancing or mimicking terminal cell differentiation may be desirable.
Germline-specific IIS counteraction
Recent work demonstrated that the presence of males and mating have negative influences on a hermaphrodite's soma and life span (Maures et al., 2013; Shi and Murphy, 2013) . Regarding the feedback regulation of GSCs, we note that the systemic down-regulation of IIS dramatically extends the reproductive span (Luo et al., 2010) , however this is accompanied by a range of lifeextending somatic side-effects that conversely impair sexual attractiveness, such as a reduced motility, an abnormal appearance and aberrant pheromone secretion (Gems et al., 1998; Kuo et al., 2012) . One appealing possibility is that germline-restricted IIS output control may have evolved to specifically delay reproductive aging, or at least preserve germline integrity by slowing stem cell divisions, without otherwise compromising attractiveness. Such local mechanism would increase the likelihood that a chance mating occurring later in life produces progeny, without risking missing this opportunity.
Materials and Methods:
C. elegans genetics Animals were maintained at 15°C on standard NGM plates and fed E. coli bacteria (OP50) unless otherwise indicated (Brenner, 1974) . The Bristol isolate (N2) was used as wild-type throughout. The following alleles, deficiencies and transgenes were used. LGI: goa-1(n1134), mgDf50, mu86), . LGIII: daf-2(e1370, e979), mpk-1(ga111), glp-1(ar202, e2141, q231, tn777), unc-79(e1068) .
LGIV: fem-3(q20), daf-18(nr2037), oma-1(zu405te33) . LGV: him-5(e1490), fog-2(oz40, q71), spe-42(tn1231), acy-4(ok1806), oma-2(te51), ojIs1[pie-1p::GFP::tbb-2; unc-119(+) The following rearrangements were used. hT2 [bli-4(e937) 
let-?(q782) qIs48](I;III), nT1 [unc-?(n754) let-? qIs50] (IV;V), nT1 [qIs51] (IV;V), nT1 [unc-?(n754) let-?] (IV;V).
The following extra-chromosomal array was used. tnEx37 .
GSC mitotic index evaluation
For L3 and L4 stage animals, worms were synchronized by hatching in the absence of food and transferred to seeded plates at 25°C. For adult animals, unless otherwise indicated, cultures were maintained at 15°C, and mid-L4 stage (based on vulva development (Seydoux et al., 1993) ) animals were picked on a new seeded plate and transferred to 25°C for the indicated number of days with (mated) or without (unmated) him-5(e1490) or fog-2(oz40) males. For continual mating experiments, small NGM plates were used with an approximate male:hermaphrodite ratio of 1:1 (typically 30 to 50 each) until the end of A6, when hermaphrodites usually stopped producing progeny, and males were removed. Hermaphrodites were transferred daily to new seeded plates, with or without young new males. For male GSC MI evaluation, him-5(e1490) L4 animals were staged based on spicule development (Baird and Ellazar, 1999 ) and picked to a new plate at 25°C until analyzed. Gonads were dissected and stained as described below. 4'6-diamidino-2-phenylindole (DAPI) was used to highlight germ nuclei. Anti-HIM-3 antibodies were used to mark (and exclude) differentiating GSC progeny (HIM-3 positive), and antiphospho[ser10]-histone H3, to mark M-phase nuclei. As for delineating HIM-3 positive versus negative cells, we placed the boundary where ~all the cells in a cross-section (not necessarily a straight line) become HIM-3 positive. Our GSC numbers, where comparable, are similar to the published figures (Crittenden et al., 2006; Hansen and Schedl, 2013; Qin and Hubbard, 2015) . Images of the distal germ line were acquired every 0.75 μm using a 60x objective on a DeltaVision microscope. Undifferentiated germ nuclei counting in 3-dimension was partially automated with an ImageJ plugin developed by Dr Jane Hubbard's laboratory, as described (Korta et al., 2012) .
Differentiation assays
The glp-1(e2141) allele is a temperature sensitive loss-of-function of the Notch receptor, with 15°C being permissive, and 25°C being restrictive (Kodoyianni et al., 1992) . Based on the previous observations that C. elegans development is roughly two times faster at 25°C (Byerly et al., 1976) , we considered two days spent at 15°C to be equivalent to 1 day at 25°C. Thus, A1 equivalent animals had spend two days after the mid-L4 stage at 15°C, and A4 equivalent animals had spend 8 days at 15°C, before being upshifted to 25°C for 15 hours. Experiments using the glp-1(q231) and glp-1(tn777) alleles used the same design, except that the animals were upshifted to 25°C for 8 (q231) and 24 (tn777) hours before they were dissected and stained.
Adult life span analyses
Adult life span analyses were performed at 25°C in cohorts of ~50 animals as previously described (Narbonne and Roy, 2006b), censuring for animals that died from internal hatching or dried on the edges of plates. For continual mating experiments, hermaphrodites were handled as described in the GSC mitotic index evaluation section.
Staining
Whole animals were fixed in Carnoy's solution and stained with DAPI as previously described (Narbonne and Roy, 2006b). For germline immunofluorescence, gonads were dissected out of the animal in a drop of PBS on a cover slip, which was placed against a poly-L-lysine coated slide, submitted to a freeze-crack and stained as previously described (Couteau et al., 2004) . Primary mouse monoclonal anti-phospho[ser10]-histone H3 (1:200, Cell Signaling), rabbit polyclonal anti-HIM-3 (1:500, a generous gift from Dr Monique Zetka) (Couteau et al., 2004) , mouse anti-DAO-5 (1:25, DHSB clone DAO5) (Hadwiger et al., 2010) , and secondary A488-conjugated goat anti-mouse, or A546-conjugated goat anti-rabbit antibodies (both at 1:500, Invitrogen) were used. DAPI was used as a counterstain.
Oil diaphragm micro-injection
Young adult hermaphrodites (<A1) that were grown at 15°C were micro-injected with a drop (of an approximate diameter of 2-3 oocytes) of mineral oil (Sigma) into either the anterior or posterior spermatheca and/or uterus, proximal to the first oocyte, using techniques previously described (Mello et al., 1991; Wolke et al., 2007) . Animals were left less than 2 minutes on the injection pad, allowed to recover on a seeded plate for a few minutes, and transferred to a small patch of bacterial lawn containing fog-2(oz40) males at a 5:1 ratio at 25°C for 3 hours. Hermaphrodites were then singled on a new plate a 25°C, verified for mating success by egg production (from the uninjected arm), and maintained until an obvious germline tumour appeared in at least one gonad arm, at which point animals were stained with DAPI and imaged. Animals that stopped moving normally or died prematurely were discarded from this analysis.
Image acquisition and processing
Images were acquired at a 0.5 (whole-worm) or 0.75 (germline) μm interval using a 20x (wholeworm) or a 60x (germline) objective on a DeltaVision microscope, deconvolved (whole-worm and distal germ lines), maximally-projected, stitched (whole-worm), and thresholded using ImageJ. For display and ease of comparison purposes, whole-worms were computationally straightened using imageJ.
Supplemental Information:
Supplemental Information includes four figures. fog-1(q785), fog-2(oz40), spe-42(tn1231), goa-1(n1134), acy-4(ok1806), oma-1(zu405te33), oma-2(te51), daf-18(nr2037) daf-18(nr2037), goa-1(n1134) . Anterior is to the left and dorsal, to the top. A colorcoded quantification of the phenotype is shown on the right, scored at A4 (animals were scored as highly tumorous if >1/3 of the animal was translucid, slightly tumorous if between 1/5 and 1/3 was translucid, and non-tumorous if less than 1/5 of the animal was translucid; the relative lengths of the color-coded bars represent percentages). Although glp-1(gf) animals are clearly tumorous already by A1-2 when grown under restrictive conditions (Pepper et al., 2003) , animals are shown here at A3-4 to show that oocyte accumulation suppresses ectopic GSC proliferation for a prolonged duration. n, 28-52. Scale bar, 100 μm. (A-E) An oil diaphragm was micro-injected into the anterior or posterior spermatheca and/or uterus of fog-1(q785); glp-1(ar202)gf young adult hermaphrodites that had been grown under permissive conditions. Animals were then shifted to restrictive conditions and allowed to mate with males for 3 hours (Fig. S1D) . The germline phenotype was scored 2-4 days after injection in animals that successfully mated (based on progeny production). Oil was also micro-injected in the anterior or posterior spermatheca and/or uterus of gld-2(q497) gld-1(q485) young adults (these were not mated), which are non-conditional tumorous (Hansen and Schedl, 2013) and do not accumulate oocytes, to verify that the effect of the oil diaphragm was dependent on the presence of oocytes. A representative DAPI-stained animal is shown for each condition. Intact proximal-most oocytes are labelled with negative values from the proximal end in close-ups. Activated, but not fertilized, endomitotic oocytes are underlined by a dotted line. elegans adult hermaphrodites are grown under abundant food conditions, IIS is systemically activated (green). If, in a given gonad arm, sperm is available, oocytes never accumulate as they are continually fertilized. This leaves canonical IIS (daf-2 to daf-16) unchecked throughout that gonad arm, or at its highest level as governed by nutrient status, and able to simultaneously promote GSC proliferation, differentiation, progression through meiosis (Lopez III et al., 2013) , and oocyte maturation. However, if a gonad arm becomes sperm deleted, oocyte maturation is inhibited, causing their accumulation, which then promotes GSC quiescence locally within that gonad arm. We found that daf-18/PTEN is required to locally antagonize germline IIS (red) and block oocyte maturation and GSC proliferation in that gonad arm in response to sperm depletion, thus locally antagonizing the systemic IIS information about nutrient status. Because daf-18/PTEN mutants are partially defective in oocyte accumulation in response to sperm depletion, it remains unclear whether daf-18/PTEN directly inhibits GSC proliferation in response to sperm depletion, and/or whether it is working indirectly by blocking oocyte maturation and causing their accumulation. Also, because daf-16/FOXO is not required for sperm depletion to block oocyte maturation and GSC proliferation, a model in which daf-18/PTEN is acting in parallel to the canonical IIS is favoured in this context. An arrow indicates stimulation, a bar, inhibition, and thickness represents relative activity level. ) that had been raised under permissive conditions. These contraception-treated animals were then shifted to restrictive conditions (R.C.) and briefly allowed to mate (3 hours), which re-activated GSC proliferation only the uninjected arm. ME, Meiotic entry zone. fog-2(oz40) . Anterior is to the left and dorsal, to the top. A color-coded quantification of the phenotype is shown on the right, scored at A3 (green: non-tumorous, orange: slightly tumorous, red: highly tumorous. Although glp-1(gf) animals are clearly tumorous already by A1-2 when grown under restrictive conditions (Pepper et al., 2003) , animals are shown here at A3 to show that oocyte accumulation suppresses ectopic GSC proliferation for a prolonged duration. n, 41-152. Scale bar, 100 µm.
